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BACKGROUND OF THE INVENTION 
5 A. FIELD OF THE INVENTION 

[0001] This invention is directed to methods for the enhanced production and recovery of taxol and taxanes by cell 
cultures of Taxus species. 

io B. RELATED ART 

The Taxol Supply Problem and Possible Solutions 

[0002] Taxol is a diterpenoid alkaloid originally isolated from the bark of the pacific yew, Taxus brevifofia (Wani et 
is al. 1971). 

[0003] Interest in taxol began when the National Cancer Institute (NCI), in a large-scale screening program, found 
that crude bark extracts exhibited anti-tumor activities. Since then, clinical trials have confirmed that taxol is extremely 
effective against refractory ovarian cancers, and against breast and other cancers. Taxol has been pronounced as a 
breakthrough in chemotherapy because of its fundamentally different mechanism of cytotoxicity, i.e., by inhibiting depo- 
se lymerization of microtubules (see Rowinsky et al. 1990). 

[0004] The most daunting variable in the taxol equation so far is supply. It takes three to sb? 100 year old Pacific 
yews to treat one patient because average yields of taxol are low - ca. 0.01% of dry bark and needles (Witherup et al. 
1 990). To produce the amount of taxol that is needed for treatment and testing would require the destruction of tens of 
thousands of yews. Thus far, all of the world’s supply has come from harvesting these squat, slow growing conifers that 
25 populate the ancient forests of the Pacific Northwest. Unfortunately, the yew has been rendered nearly extinct by log- 
ging. Conservationists are successfully opposing any large scale sacrificing of the tree, which grows In the ancient for- 
est that are refuge to the endangered Northern spotted owl and other wildlife. As the number of Pacific yews dwindles, 
medical research is pinning its hopes for future taxol on new, alternative sources of supply. Three sources that have 
been considered are chemical synthesis, semi-synthesis and plant cell culture. 

30 [0005] Taxol is a large, structurally complex chemical molecule that has thus far eluded total chemical synthesis. 
Therefore, large-scale synthesis from simple available chemicals is not likely to be a feasible option for the next few 
years. 

[0006] A possible option for large-scale production is semi-synthesis, i.e., chemical attachment of a side chain to 
the agriculturally produced taxol precursor, baccatin. Significant progress has been made on the synthesis of the side 
35 chain (Denis et al. 1991). Methods have also been developed to couple the side chain to baccatin (Denis et al. 1990, 
U.S. Patent 4,924,01 1 ; Holton 1 991 , U.S. Patent 5,01 5,744). However, the agricultural supply of baccatin from needles 
of Taxus plantations is by no means trivial; and is currently being re-evaluated In light of the fact that earlier reports 
(Denis et al., 1988, 0.1% by weight) were more optimistic about baccatin content than recent ones (Witherup et al. 
1990, 0.03 % dry weight). In summary, the ability of chemical synthesis and semi-synthesis to supply taxol for world- 
40 wide chemotherapeutic use is not assured. There are strong reasons for exploring and developing alternative means of 
production. 

[0007] This invention is related to the development of a plant cell culture-based process for the supply of taxol and 
other taxanes. 

45 Tissue Cultures as a Source of Plant-Derived Chemicals 

[0008] The ability of plant cells to divide, grow, and produce secondary metabolites under a variety of different cul- 
tural regimes has been amply demonstrated by a number of groups. At present, two compounds, shikonin (a red dye 
and anti-inflammatory) and ginsengoside (a tonic in oriental medicine) are produced by tissue-culture processes in 
so Japan. Many other processes are reportedly close to commercialization, including vanillin, berberine and rosmarinic 
acid (see Payne etal. 1991). 

[0009] The advantages of a plant cell culture process for taxol are many: (i) A cell culture process ensures a limit- 
less, continuous and uniform supply of product, and is not subject to pests, disasters and seasonal fluctuations, (ii) cell 
cultures can be cultivated in large bioreactors, and can be induced to overproduce taxol by manipulating environmental 
55 conditions, (iii) cell cultures produce a simpler spectrum of compounds compared to bark or needles, considerably sim- 
plifying separation and purification, <iv) a cell culture process can adapt quickly to rapid changes in demand better than 
agriculture-based processes, (v) besides supplying taxol, a cell culture process could also produce taxane precursors 
such as baccatin that could be converted semi-syntheticaily into taxol and other active derivatives. 
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[001 0] Since aseptic, large-scale, plant cell cultivation is inherently expensive, a cell culture process becomes com- 
mercially relevant only when these costs are offset by rapid cell growth and high metabolite productivity. Every plant 
species and target metabolite is different, and different approaches are necessary for every particular system. This 
invention focuses on creative and skilled approaches for obtaining rapidly growing and highly productive plant cell cul- 
5 tures for taxol and taxane production. 

Problems with Tissue Cultures of Woody Plants and Conifers 

[0011] A historical survey of the literature suggests that whereas herbaceous plants have been relatively easily 
io manipulated in culture, cultures of woody plants and conifers have been achieved only with difficulty. 

[0012] The growth of secondary metabolite producing gymnosperm- and conifer-cultures have been generally low. 
For example, Berlin and Witte (1988) found that cultures of Thuja occidental is increased their biomass by only ca. 30% 
in 18 days. Van Uden et aJ. (1990) reported a biomass increase of 20-50% in 21 days for suspensions of Callltris 
drummondii . Westgate et al. (1991) reported a doubling time of ca. 10 days for suspensions of the gymnosperm, 
is Cephalotaxus harringtonia. As summarized by Bornman (1983), a tremendous amount of effort has been directed 
towards medium development for spruce suspensions (Picea abies). This collective work demonstrates that gymno- 
sperm suspensions are indeed capable of rapid growth, but that no generalities can be applied, and that media formu- 
lations for different cell lines must be optimized independently. 

[0013] A survey of secondary metabolite productivity among gymnosperm cultures also points to the difficulty of 
20 inducing rapid biosynthesis compared to herbaceous species. For example, cultures of Cephalotaxus harringtonia pro- 
duced terpene alkaloids at a level of only 1% to 3% of that found in the parent plant (Delfel and Rothfus 1977). Even 
upon successful elicitation, Heinstein (1985) was only able to approach the levels produced in the parent plant (ca. 
0.04% dry weight total alkaloids). Van Uden et al (1990) were able to induce suspension cultures of the conifer Callitris 
drummondii to produce podophyllotoxin, but only at levels one tenth of that produced by the needles. The ability of 
25 Thuja occidental is to produce significant levels of monoterpenes (10-20 mg/L) and the diterpenoid dehydroferruginol 
(2-8 mg/L) has been convincingly demonstrated by Berlin et al. (1988). However, these results were obtained with a 
slow-growing (30 % biomass increase in 18 days) and low cell density (5 to 7 grams dry weight per liter) culture. 

Cell Culture for Taxol Production: Previous Efforts 

30 

[0014] The difficulties in achieving rapid growth and high productivity encountered in gymnosperm-suspensions 
have been reflected in the three reports so far on taxol production. Jaziri et al. (1991) recently initiated callus cultures 
of Taxus baccata , but were unable to detect any taxol using their immunosorbent assay. Wickremesinhe and Arteca 
(1991) reported the presence of 0.009% dry weight taxol in callus cultures of Taxus media (cv. hicksii), but details on 
35 the doubling times, cell densities, and the time-scale over which the reported taxol was produced, were not indicated. 
[0015] U.S. Patent No. 5,01 9,504 (Christen et al. 1 991 ) describe the production and recovery of taxane and taxane- 
like compounds by cell cultures of Taxus brevifolia. These workers reported taxol production at a level of 1 to 3 mg/L in 
a two- to four-week time frame. They also reported a cell mass increase of "5-10 times in 3-4 weeks", which corre- 
sponds to doubling times of ca. 7 to 12 days. 

40 [0016] Increases in growth rates, taxol biosynthesis rates, and volumetric productivities are clearly necessary 
before a tissue culture process for taxol production can supply the projected annual demand of tens to hundreds ol kil- 
ograms of taxol per year. 

SUMMARY OF THE INVENTION 

45 

[0017] The inventors have discovered that taxol and taxol-like compounds, or taxanes, can be produced in very 
high yield from all known Taxus species, i.e., brevifolia, canadensis, cuspidate , baccata, giobosa, fioridana, 
wallichiana, media and chlnensis . In particular, the inventors found that the species, Taxus chinensis , is capable of 
rapid growth and of producing extremely high levels of taxol and taxanes within a short period of time. 
so [001 8] Improving upon the invention described in Christen et al. (1 991 ), the inventors herein have discovered that 

cell cultures from different Taxus species can be rapidly and efficiently initiated, and successfully grown on artificial 

nutrient media and that the same chemotherapeutically active taxane alkaloids are produced in the cell culture as in the 
intact plant. 

[0010] Further, by the methods of this invention it is possible to obtain taxol in a much shorter time frame than pre- 
ss viously reported. With the species Taxus chinensis , the inventors have been able to manipulate cells to yield taxol in 
amounts far in excess of the amounts obtained from tissue cultures of the other Taxus species. Moreover, the growth 
rate of the Taxus chinensis cell cultures is significantly higher, 3 to 6 fold, than for Taxus brevifolia described in Christen 
etal. (1991). 
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[0020] The objects ot this invention include the rapid and efficient initiation of cell cultures from various species of 
Taxus. 

[0021] The objects of this invention include the formulation of special environmental conditions to foster rapid 
growth, high cell densities, and high cell viabilities. The growth characteristics reported in this study surpass previous 
5 results by a significant factor. 

[0022] The present invention provides a process for recovering taxol and other taxanes in high yields from cell cul- 
tures of a Taxus species comprising: cultivating In suspension culture, in one or more nutrient media under growth and 
product formation conditions, cells of a Taxus species derived from callus and/or suspension cultures and recovering 
said taxol and other taxanes from said cells and/or said medium of said cell culture, said conditions comprising one or 
10 rnore o*: continuous or intermittent illumination with broadband or narrowband light: or nutrient media which are of 
altered medium composition for growth and production phases of the culture. 

[0023] The objects of this invention include the ability to induce high and prolonged rates of taxol and taxane bio- 
synthesis and secretion by: (a) careful manipulation of nutrient concentrations (’production medium formulation'), (b) 
use of light, (c) use of periodic medium exchange protocols, (d) use of elicitors. 
rs [0024] The objects of this invention include the ability to manipulate the profile of taxanes produced by altering 
media formulations and environmental conditions. In particular, cells were coaxed to produce taxol as the predominant 
taxane product. In addition, the production of the by-product cephalomannine was suppressed, thereby providing an 
elegant biological solution to an expensive and important downstream separation and purification problem. 

[0025] The objects of this invention include the ability to produce various taxanes other than taxol that might them- 
20 selves show pharmacological activity, or may be modified and converted to compounds with pharmacological activity. 
[0026] The objects of this invention include the ability to induce cell cultures of Taxus chinensis to produce taxol 
(0.32% dry weight) at levels far exceeding those produced in wild plants (0.003 to 0.03% dry weight, Xu and Liu 1991). 

DESCRIPTION OF THE FIGURES 

25 

[0027] 

Figure 1. Biomass increase in a Taxus chinensis suspension culture line K-1 over a typical batch growth cycle in 
Medium A. Error bars represent the standard deviation measured from duplicate flasks. 

30 

Figure 2. Effect of medium exchange on days 9 & 12 on taxol (A) and total taxane (B) productivity in a 15-day 
experiment. The numbers in each box represent the time interval (days) over which the product was produced. The 
darkened portion of the intracellular boxes represents the taxol or total taxanes that were present in the cell inocu- 
lum at the start of the experiment. All treatments were performed in duplicate. Taxus chinensis suspension cell line 
35 K-1 was used with Medium A as elaborated in Table 2 . 

Figure 3. Spectral characteristic of a Standard Gro-Lux lamp (GTE Sylvania, Danvers, MA) used in Example 7.3. 

Figure 4. Taxane production in Taxus chinensis cell suspension K-1 . The portion of the chromatogram from 10 to 
40 40 minutes is shown. Diode array scans of selected taxane peaks show a characteristic taxane UV absorption 

spectrum, with a peak at 227nm. 

Figure 5. Taxol and taxane production after prolonged cultivation in Medium C by Taxus chinensis cell line K-1 . The 
upper panel tabulates the data for the known and unknown taxanes, whereas the lower panel shows incremental 
« taxol and taxane production in the 25 to 42 day time period. 

Figure 6. MS/MS confirmation of taxol in cell culture supernatant. Panel A shows the ion spray APCI mass spec- 
trum of authentic taxol and panel B shows the daughter ion spectrum of the parent peak (m/z 871 = taxol+NH 4 + ). 
Panel C represents the ion spray APCI spectrum from a crude cell culture extract and shows m/z 854 and 871 char- 
50 acteristic of taxol. Panel D shows the corresponding daughter spectrum of m/z 871 and provides unequivocal evi- 
dence far the presence of taxol in cell culture supernatant 

DETAILED DESCRIPTION OF THE INVENTION 

55 [0028] Plants have long provided important sources of pharmaceuticals and specialty chemicals. These products 
have typically been obtained through extraction of the harvested plant materials or by chemical synthesis. Taxol has 
become one of the most important potential anticancer agents to recently emerge from the screening of natural prod- 
ucts. 
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[0029] As used herein, the terms taxol and taxol-like compounds, or taxanes, are used interchangeably to describe 
a compound with a taxane ring. These compounds may themselves possess antlneoplastic activity, or may be modified 
to yield bioactive compounds. 

[0030] As used herein, the term “callus" is used to describe a mass of cultured plant cells that is structurally undif- 
5 ferentiated, and is cultivated on solidified medium. As used herein, the term "suspension culture" is used to describe 
structurally undifferentiated cells that are dispersed In a liquid nutrient medium. It is understood that suspension cul- 
tures comprise cells in various stages of aggregation. A range of aggregate sizes are encountered in the suspensions 
described In this invention, with sizes ranging from tens of microns in diameter (single cells or few-aggregated cells) to 
aggregates many millimeters in diameter, consisting of many thousands of cells. 

io [0031] The plant material useful in this invention was obtained from all known Taxus species, i.e., brevi folia, 
canadensis, cuspidata , baccata , globose , floridana , wallichiana , media and chinensis. In particular, the inventors have 
identified the species Taxus chinensis as capable of producing significant quantities of taxol and taxanes in a short 
period of culture time, with desired compounds being secreted continuously into the medium. 

[0032] It has been found by the inventors that specific taxol content varies with plant species, and within plant spe- 
is cies from tissue source and specific trees. Selecting a high yielding source for taxol production is an important first step 
towards providing sufficient quantities of taxol for therapeutic use. 

Initiation of Taxua Cell Lines 

20 [0033] Taxus plant material may be collected from all over North America as well as from other continents. The cul- 
ture is initiated by selecting appropriate Taxus tissue for growth. Tissue from any part of the plant, including the bark, 
cambium, needles, stems, seeds, cones, and roots, may be selected for inducing callus. However, for optimum yield of 
taxol, needles and meristematic regions of plant parts are preferred. Most preferred are new growth needles (e.g., one 
to three months old), which can generally be identified by a lighter green color. The term “new growth” is broadly 
25 intended to mean plant needle production within that year's growing season. 

[0034] To prevent contamination of the culture, the tissue should be surface-sterilized prior to introducing it to the 
culture medium. Any conventional sterilization technique, such as CLOROX (a trademark owned by the CLOROX Com- 
pany for bleach) treatment would be effective. In addition, antimicrobial agents such as cefoxitin, benlate, cloxacillin, 
ampicillin, gentamycin sulfate, and phosphomycin may be used for surface sterilization of plant material. 

30 

Callus Growth 

[0035] Cultures will typically exhibit variability in growth morphology, productivity, product profiles, and other char- 
acteristics. Since individual cell lines vary in their preferences for growth medium constituents, many different growth 
35 media may be used for induction and proliferation of the callus. 

[0036] The appropriate medium composition varies with the species being cultured. The preferred media for the dif- 
ferent species are listed in Table 3. For example, although others may be used, the two preferred growth nutrient media 
for Taxus chinensis are A & D. These media preferably contain the ingredients listed in Table 2. For example, when A 
medium is used, growth hormones or regulators incorporated into the medium in an amount between 1 ppb to 10 ppm, 
40 and preferably at 2 ppb to 1 ppm. When medium D is used, to growth hormones or regulators are incorporated at levels 
ranging from 1 ppb to 1 0 ppm, and preferably at 2 ppb to 2 ppm. The amounts of other medium ingredients can be incor- 
porated at levels ranging from 1/1 Oth concentration to three times the concentrations indicated in Table 2, but are pref- 
erably incorporated at the levels shown in Table 2. 

45 Suspension Growth 

[0037] Taxus suspension cultures are capable of rapid growth rates and high cell densities like other plant cell cul- 
tures. However, optimal conditions vary from one cell line to another, and accordingly, methods leading towards rapid 
optimization for any given cell line must be considered. 

so [0036] The initial cultures of various Taxus species are subcultured by transfer into the media listed in Table 3, con- 
taining macro and micronutrients, organic salts and growth hormones. The amounts are generally with the following 
ranges: starting with 1/1 Oth concentration to three times the concentration of each medium ingredient shown in Table 
2. The preferred levels are those listed in Table 2. 

[0039] The liquid cultures are exposed to air and preferably shaken or otherwise gently moved to introduce air into 
55 the medium, or air may be introduced through tubing into the culture vessels. The cultures are maintained under appro- 
priate growth conditions at a temperature between 20° to 26°C. The pH may be from about 3 to 7 and preferably 
between 4 to 6. The culture may be grown under light conditions ranging from total darkness to total light (narrow band 
and/or broad spectrum) for various periods of time. Because total taxol production is highest in cultures exposed to light 


5 



E P 0 672 162 B1 


this is preferred. Typical light intensity conditions range between about 100 to about 3000 foot candle power. 

[0040] The suspension cultures are maintained for 1 to 8 weeks from the time of subculturing, after which culture 
growth declines. The cultures are harvested by removal of the growth medium, as by filtration. The harvested culture is 
weighed and dried, as by lyophylization, ground to a fine powder, and the taxol may be extracted by use of conventional 
5 solvent extraction techniques. 

[0041] Doubling times have been measured by monitoring time-dependent biomass increase, as well as by simply 
monitoring the growth index during routine subculture. Maximum dry weight densities of 15-24 grams per liter have 
been achieved. The growth characteristics of various Taxus species suspensions are elaborated in Example 4. 

io Analytical Methods 

[0042] Methods for the extraction and recovery of taxol and taxanes from cells and the medium follow conventional 
techniques and are described in detail in Example 5. The immuno-assay (ELISA) technique largely followed the proto- 
cols supplied by Hawaii Biotechnology in the commercially available kit. High performance liquid chromatography meth- 
is ods were slightly modified from existing protocols as elaborated in Example 5. Under the conditions used in this 
invention, clear resolution of taxane peaks was achieved, resulting in accurate detection and quantitation. Because of 
the possibility of co-eluting non-taxane components, the spectral purity of every putative taxane peak was checked by 
diode array before integration of peak areas. Retention times of taxane standards are listed in Example 5, and a sample 
chromatogram is included in Figure 4. 

20 

Production Medium Conditions 

[0043] As used herein, the term “nutrient medium - is used to describe a medium that is suitable for the cultivation 
of plant cell callus and suspension cultures. The term “nutrient medium' is general and encompasses both "growth 
25 medium* and "production medium*. The term "growth medium* is used to describe an nutrient medium that favors rapid 

growth of cultured cells. The term “production medium* refers to an nutrient medium that favors taxol and taxane bio- 
synthesis in cultured cells. It is understood that growth can occur in a production medium, and that production can take 
place in a growth medium; and that both optimum growth and production can take place in a single nutrient medium. 
[0044] Certain classes of additives in the nutrient medium are referred to by special names in this invention, and 
30 are defined here. As used herein, the term “anti-browning agents - refer to components that are added to the nutrient 

medium to prevent the formation of pigments during cell cultivation. These pigments include phenolics and related com- 
pounds that are generally observed to have a deleterious effect on cell growth, viability, and product formation. As used 
herein, the term “biosynthetic precursors' are used to describe compounds added to the nutrient medium that are 
metabolized and incorporated by the cells into taxol and taxanes. As used herein, the term “metabolic inhibitors - are 
as used to describe compounds added to the nutrient medium that interfere with specific biosynthetic pathways. For exam- 
ple, a metabolic inhibitor may be used to enhance taxol biosynthesis by blocking a different pathway that competes with 
taxol for an early biosynthetic precursor. As used herein, the term stimulator or activator is used to describe compounds 
added to the nutrient medium that stimulate or activate specific biosynthetic pathways, for example those leading to 
taxol biosynthesis. It is understood that the mechanism of action of the additives described herein may not be com- 
40 pletely understood. 

[0045] If secondary metabolite formation in a suspension culture takes place concurrently with growth, the metab- 
olite is termed growth-associated, and a single medium formulation may be sufficient to achieve good growth and high 
level production. In many other systems, it has been found that rapid growth and high product formation do not take 
place concurrently. In such cases, growth and production phases are separated and a medium for each phase is devel- 
45 oped independently (reviewed in Payne et al. 1991). In the case of taxol and taxane production in Taxus chinensls, 
growth and rapid product formation have been separated, and independent media have been developed for each. How- 
ever, it is understood that a single growth/production medium may be formulated for this culture. The production media 
developed here not only increase total taxol and taxane formation, but also direct cellular biosynthesis towards taxol 
production. In addition, production of interfering by- products such as cephalomannine is minimal compared to bark tis- 
50 sue. The production media developed here also promote prolonged cell viability and biosynthesis, and in addition, 
cause significant levels of product to be secreted into the extracellular medium. These characteristics are extremely 
important in the operation of an efficient commercial scale process for taxol production. 

[0046] Although others may be used, the preferred production media for the various species are listed in Table 5. 
For example, although others may be used, the preferred production media for Taxus chinensis are B & C. These media 
55 preferably contain the ingredients listed in Table 2. These media preferably contain major and minor inorganic salts, 
organics and growth hormones or growth regulators. The amounts are generally with the following ranges starting with 
the 1/1 0th to three times the concentration of each medium ingredient indicated in Table 2. However, the preferred lev- 
els are those listed In Table 2. 
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[0047] Where medium B is used, the growth regulators are Incorporated Into the medium in an amount between 0. 1 
ppm to 20 ppm, and preferably between 1 ppm to 10 ppm. When Medium C is used, the growth regulators are incorpo- 
rated preferably at levels ranging from 0.1 ppm to 5 ppm. 

[0048] It Is understood that modifications may be made in this medium such as substitution of other conventional 
5 salt compositions (such as organics, vitamins, amino acids, precursors, activators and inhibitors), addition or deletion 
of various components, growth regulators or alteration of proportions. 

[0049] In addition to non-volatile dissolved nutrients, gaseous components, primarily oxygen, carbon dioxide, and 
ethylene (a plant hormone), play critical rojes in growth and product formation. Two parameters are important, The dis- 
solved gas concentrations favoring growth and taxol formation are obviously important since they dictate reactor oper- 
io ating conditions. In addition, the rates of consumption or production need to be incorporated into reactor design, so that 
the optimum specified concentrations can be maintained. 

[0050] Besides its importance in respiration, oxygen can also dramatically affect the rate of secondary biosynthe- 
sis. A high saturation constant for an oxygen-requiring step on a secondary biosynthetic pathway may require cells to 
be subjected to high oxygen levels in the reactor. The importance of C0 2 supplementation in maintaining high growth 
is rates has been documented. Ethylene, a plant hormone, plays pleiotropic roles in all aspects of plant growth and devel- 
opment, including secondary metabolism (e.g., see Payne et al., 1991). 

Elicilore 

20 [0051] In order to improve the yield of taxol and other related taxanes in cell cultures, the inventors have undertaken 
a number of approaches. One of the approaches that has been used to enhance productivity is the use of so-called elic- 
itors. As used herein, the term elicitors is used for compounds of biological and non-biological origin that cause an 
increase in secondary metabolite production when applied to plants or plant-cell cultures (Ellert 1987; Ebel 1984; and 
Darvill et al. 1 984). Many different compounds can act as elicitors, depending upon their nature of origin and their mode 
25 of action with cell metabolism. In these studies, the inventors have used two major kinds of elicitors: 1) Biotic elicitors 
which usually comprise cell wall extracts or filtrates from a selected group of fungi, bacteria and yeasts, and also their 
purified fractions. 2) Abiotic elicitors which have included chemical stress agents as well as some compounds of biolog- 
ical origin (see elicitors listed in Table 1 ). 

[0052] Christen et a!.(1991) report the use of fungal elicitors and selected compounds for production of taxol by 
30 suspensions of Taxus brevifo(ia\ however, the increases in the level of taxol accumulation due to elicitor treatments have 
not been specified. 

[0053] In general, both kinds of elicitors were effective, although the extent to which elicitation (taxane accumulation 
in cell cultures as well as their secretion into the medium) occurred differed from elidtor to elicitor and from species to 
species. The highest production increase was attained with chitosan glutamate, lichenan, ferulic acid and benzoic acid. 
35 Chitosan and lichenan are complex polysaccharides derived from microbial cell walls. Chitosan when used alone is 
insoluble in medium, and is toxic and causes permanent cell damage. Chitosan glutamate, on the other hand, is readily 
soluble in medium and does not affect cell viability. Ferulic and benzoic acids are synthesized chemicals of biological 
origin, and are generally used as antioxidants in biological systems. 

[0054] Elicitors interact with dissolved gases in many ways. Oxygen requirements may change upon elicitation. 
40 Increases in respiration rates as a wound response is commonly observed in plant cell cultures. Importantly, elicitors 
may mediate their action via ethylene. In such cases, it may be desirable to substitute a microbial elicitor preparation 
with ethylene, and perhaps prevent toxicity associated with other microbial components In the elicitor preparation. 
[0055] Elicitors and metabolic stress agents may be utilized according to this invention to maximize taxol production 
and secretion in tissue culture by assessing elicitor specificity and concentration, timing, and duration, as a function of 
45 culture age and media composition. 

Rapid Medium Exchange for Productivity Enhancement 

[0056] As documented in Example 7.3., the removal of spent medium and replenishment of fresh medium every 3 
so days contributed to significant enhancement of total taxane and taxol production, as well as to an increase in the 
mounts of extracellular product. 

[0057] The stimulatory effects of medium exchange may have been due to removal of product in situ , which would 
prevent feedback inhibition and product degradation. Such positive effects of in situ product removal on secondary 
metabolite production and secretion in suspension cultures have been documented by, among others, Robins and 
55 Rhodes (1986) and Asada and Shuler (1989). The periodic removal of spent medium incorporates the above advan- 
tages, and additionally, may serve to derepress secondary biosynthesis by removing other, non-taxane, inhibitory com- 
ponents (such as phenolic compounds) from the medium. 

[0056] The replenishment at fresh medium to cells undergoing active biosynthesis may also enhance production by 
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providing essential nutrients that have been depleted. For example, Miyasaka et al. (1986) were able to stimulate sta- 
tionary phase cells of Salvia miltioipiza to produce the diterpene metabolites, cryptotanshinone and ferruginol simply 
by adding sucrose to the medium. Presumably, biosynthesis had ceased due to carbon limitation in the stationary 
phase. The periodic-medium-exchange protocol used In the present work could have been beneficial as a result of any 
5 of the above factors. 

[0059] It Is understood that the amount of medium exchanged, the frequency of exchange, and the composition of 
the medium being replenished may be varied. 

[0060] The ability to stimulate biosynthesis and secretion by periodic medium exchange has important implications 
for the design and operation of an efficient commercial process in the continuous, semi-continuous or fed-batch mode. 

10 

Light 

[0061] For higher plants, light is a potent factor in secondary metabolism both in intact plant as well as in cell cul- 
tures. Both the intensity and wavelength of light are important (Seibert and Kadkade 1980). For example, flavanoid and 
f5 anthocyanin biosynthesis are usually favored by high intensity continuous light, while dark-cultivated cultures may be 
preferable for other metabolites. Increase in greening or photosynthetic capacity of cultured cells may also increase 
product formation or product spectrum. The inventors 1 studies Involved the use of broad-band and well as specific nar- 
row-band light sources. As shown in Example 7.8., light exposure can bring about increased taxol accumulation as well 
as secretion into the medium. The stimulatory effect of light on taxol production suggests the existence of unique control 
20 mechanisms for biosynthesis of taxanes. The nature of the photoreceptor and biochemical characteristics of light- 
induced stimulation are not yet clear. 

Modes of Process Operation 

25 [0062] The operating mode for a plant cell culture process refers to the way that nutrients, cells and products are 

added or removed with respect to time (Payne et ai. 1991). When all the nutrients are supplied initially, and the culture 
contents comprising cells and product are harvested at the end of the culture period, the operating mode is termed a 
"one-stage batch process". When a batch process is divided into two sequential phases, a growth and a production 
phase, with the medium being exchanged in between the two phases, the operating mode is termed a "two-stage batch 
30 process". 

[0063] In a “fed-batch" operation, particular medium additives and nutrients are supplied either periodically or con- 
tinuously through the course of a one-stage or a two-stage batch culture. 

[0064] When a substantial portion, but not all, of the contents of a batch culture is harvested, with addition of fresh 
medium for continued cell growth and production, the process resembles a "repeated draw and fill’ operation, and is 
35 termed a “semi-continuous process". 

[0065] When fresh medium is continuously supplied, and effluent medium is continuously removed, the process is 
termed "continuous*. If cells are retained within the reactor, the process is termed a “perfusion mode’ If cells are con- 
tinuously removed with the effluent medium, the continuous process is termed a "chemostat*. 

[0066] It is understood that these various modes of process operation are compatible with the taxol-production sys- 
40 tern described herein. 

EXAMPLES 

[0067] The following examples further describe the Materials and Methods used in carrying out the invention. The 
45 examples are intended to be illustrative and are not intended to limit the invention in any manner. 

E xam pte 1; 

Callus Initiation 

50 

[0068] Samples of Taxus plant material were collected from a number of wild and cultivated plants. Samples were 
processed upon arrival at the laboratory or stored at 4°C until they could be used. 

[0069] The material was first washed in dilute soap solution, rinsed in water, and the surface sterilized in a CLOROX 
solution (1 % hypochlorite, pH 7) for 10 minutes. Under sterile conditions the material was then rinsed 3 times with ster- 
55 ile water. Needles were then cut in a 1% polyvinylpyrrolidone (PVP) solution with 100 mg/I ascorbic acid. Needles were 
placed with the cut end in Medium E (see Table 2). Thirty to forty explants were cultured per plate of medium. Plates 
containing explants were incubated at 24±1 °C in the dark. Plates were monitored daily for the appearance of contami- 
nating micro-organisms, and where they were present, uncontaminated needles were removed and placed In a fresh 
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plate of Medium E. Substantial callus formation was observed and the callus was separated from the explant by 20 days 
and placed on the various callus proliferation media listed in Table 3. For example, call! of Taxus chinensis were trans- 
ferred to Medium D (see Table 2). This initiation procedure was very efficient, resulting in low contamination rate and 
high frequency of callus induction of over 90 % of explants initiated. The same procedure was successfully used to ini- 
5 tiate cultures of Taxus brevifolia, Taxus canadensis , Taxus cuspidata, Taxus baccata , Taxus gfobosa , Taxus floridana , 
Taxus waliichiana, Taxus media, and Taxus chinensis. 

Ex a mple 2; 

io Callus Proliferation 

[0070] Once calli were removed from the expiant, they are cultivated at 24±1 °C in the dark. Healthy parts of the cal- 
lus were transferred to fresh medium every 1 0 days, and this frequency of transfer was found to be extremely important 
for prevention of browning and for prolonged callus maintenance. The preferred growth and maintenance media for calli 
is of various species are summarized in Table 3. 

Exam ple 3; 

Suspension Initiation 

20 

[0071] i g fresh weight of callus material was aseptically inoculated into a 125 ml Erlenmeyer flask containing 25 
ml of liquid medium appropriate to each species (see Table 3). For example, Medium D was used for Taxus chinensis. 
The flask was covered with a silicone foam cap (Bellco, NJ) and placed on a gyratory shaker at 120 rpm at 24 ± 1°C in 
darkness. Suspension cultures were formed in approximately 3 to 10 days. Initially, medium was exchanged by suction 
25 filtering the flask contents through a buchner funnel containing a miracloth filter (Calbiochem), and resuspending all the 
biomass in fresh medium. Upon cell growth, 1-2 g (fresh weight) of cells were generally transferred into a new 125 ml 
flask containing 25 mL of fresh medium and were thereafter subcultured weekly. 

Example 4: 

30 

Growth of Suspended Cells 

[0072] The typical growth rates and cell densities achieved in suspension cultures of representative species are 
listed in Table 4. 

35 [0073] As a detailed example, the increase in biomass (fresh and dry weight) with time for Taxus chinensis line K- 
1 is shown in Figure 1 . The maximum growth rate was measured by taking the slope at points of most rapid biomass 
increase on the growth curves. Cell cultures of Taxus chinensis grew at a maximum doubling time of 2.5 days. This 
growth rate is significantly higher than that reported previously for Taxus species suspension cultures. For example, 
Christen et al. (1991) reported a 5-to 10-fold increase in biomass after 3 to 4 weeks of culture, which translates to an 
40 average doubling time for Taxus brevifolia suspensions of 7 to 12 days. 

[0074] The ability to cultivate cells at a high density is important in maximizing the volumetric productivity of a cell 
culture process. Whereas cultures of Taxus brevifolia reached a cell density of less than 1 g dry weight per liter (calcu- 
lated from data presented in Christen et al. (1991)), suspensions of Taxus chinensis were able to reach densities of up 
to 8 to 20 g dry weight per liter after 18 days of growth. The viability of cells was determined by staining cells with a 
45 0.05% solution of fluorescein diacetate in acetone (Widholm, 1972), and by counting the number of green fluorescing 

cells upon excitation with blue light in an inverted fluorescence microscope (Olympus IMT-2, Japan). Cell viability was 
higher than 90% throughout the growth phase. 

[0075] The ability to cultivate cells under rapid growth conditions to high cell densities while retaining high viability 
is an important pre-requisite to the economic operation of a plant cell culture process for producing taxol and taxol-like 
so compounds. 

Example 5: 

Analysis of Taxol and Taxanes 

55 

5.1. ELISA Methods 

[0076] ELISA analysis tor taxol (Hawaii Biotech) was used tor large scale screening of cell lines. This method pro- 
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vides high sensitivity (0.1 ng/mL), however, because a polyclonal antibody is used, cross-reactivity with other taxanes 
is observed. Preparative (analytical scale) HPLC with fraction collection showed cross-reactivity with 10-deacetyltaxol, 
7 xylosyl-10-deacetyltaxol, cephalomannine, 10-deacetyl-7-epltaxol, 7 epltaxol, as well as other unidentified taxanes. 
Despite such cross-reactivity this method was found to be extremely useful for detection of taxane production and 
5 allowed large numbers of cell lines to be screened quickly. Cell extracts showing significant production of taxanes were 
then analyzed in detail using the HPLC procedure outlined below. 

5.2. Extraction of Taxol and Related Taxanes 

io [0077] Extraction of taxanes from supernatants were performed by two methods, depending on the concentrations 
present in the media. When sufficient amounts of taxanes are present in liquid media, samples were prepared very rap- 
idly and efficiently. Media (2 mL) were dried completely (in vacuo) and a measured amount of methanol (0.5-2.0 mL) 
was added. This mixture was agitated ultrasonicaliy until complete dissolution or dispersion of the sample was accom- 
plished. Solids were removed by centrifugation prior to HPLC analysis. Quantitative recoveries have been obtained at 
15 1 mg/L levels with detection levels well below 0.1 mg/L. 

[0078] When concentration of taxanes in the culture supernatants were low, the medium was extracted three times 
with an equal volume of a mixture of methylene chloride and isopropyl alcohol (IPA) (9:1 by vol.). The organic layer was 
reduced to dryness and reconstituted in a measured volume of methanol (50-250 mL). Multiple extraction typically 
recovered 90-95% of the taxol, cephalomannine, and baccatin III at 0.6 mg/L levels. 

20 [0079] Cell materials were extracted by freezing freshly harvested cells (-5° C), followed by vacuum drying, and 
methanol soxhieting for 50 cycles. 70 to 80% of the taxanes were generally recovered with 10-15% measurable decom- 
position. The extraction of solid media and callus was accomplished identically to that of cells, however, methylene chlo- 
ride/I PA vs. water partitioning of the final methanol extract was always performed. 

25 5.3. High Performance Liquid Chromatography Methods 

[0080] Analytical high performance liquid chromatography (HPLC) was performed on a high-carbon loaded diphe- 
nyl column (Supelco, 5 mM, 4.6 mm X 25 cm) with an LDC Analytical binary gradient high pressure mixing system con- 
sisting of CM350Q/CM3200 pumps, a CM41 00 variable volume autosampler and an SM5000 photo diode array detector 
30 interfaced to a Total Peripherals 486 personal computer. Column temperature was regulated at 35° C with an Eldex 
CHI 50 column oven. Quantitative HPLC analysis of taxanes was accomplished using a binary gradient elution scheme 
as follows: 


35 


40 


45 


so [0081] The chromatographic methods used resemble several published methods (Witherup et al. 1989) with the 
exceptions that a phosphate buffer containing trifluoroacetic acid has been used and that a longer gradient Is employed. 
These differences significantly Improve the resolution of taxol and other taxanes from the mixture. The relative retention 
times observed for taxanes are shown below. Taxol elutes between 31 and 33 minutes depending on the column and 
hardware used. 

55 


Time 

% Eluant A 

% Eluant B 

Flow 

0 

75 

25 

imL/min 

40 

35 

65 

- 

42 

25 

75 

■ • 

47 

25 

75 

■ 

50 

75 

25 

• 

Eluant A = 0.01 5mM KH 2 P0 4 brought to pH 3.5 
with trifluoroacetic acid 
Eluant B = acetonitrile 
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5 


10 


15 


[0082] The retention times of taxoi, cephalomannine and baccatln III were determined using authentic samples 
obtained from the National Cancer Institute. The retention times of the other taxanes listed above were compared to 
20 analytical standards provided by Hauser Chemical (Boulder CO). Identification of Known taxanes was based on reten- 
tion time and ultraviolet spectral comparisons. Quantitation of taxoi, cephalomannine and baccatln III was based on 
response factors determined from authentic materials. Quantitation of 10-deacetylbaccatin III was performed using the 
response factor determined for baccatin III. Quantitation of the remaining taxoi derivatives was based conservatively on 
the response factor measured for taxoi. 

25 [0083] Each of the standards (1 0 mL) was typically injected (initially then after 3 or 4 samples) and areas for each 

of the three components were integrated. Response factors for each of the components was obtained by linear least- 
squares analysis of the data. 10 mL of each sample was injected and the amount per injection was calculated based 
on the standard data regression. These results were converted to amount per liter or percent dry weight. Figure 4 Illus- 
trates a typical chromatogram of a supernatant sample. 

30 

5.4. MS/MS Confirmation of Taxoi 

[0084] The identity of taxoi in cell culture supernatant has been confirmed using an MS/MS method (as shown in 
Figure 6) which couples flow injection with ion spray atmospheric pressure chemical ionization. Details of the proce- 
ss dures used for acquiring the data presented in Figure 6 were as follows: Mass Spectrometer’ Sciex API 3 triple quad 
rupole with an atmospheric pressure ionization source. Nitrogen was used as the curtain gas and argon was used as 
the collision gas for the CID spectra. Interface; Ion Spray interface producing ions by Ion Evaporation Ionization (Elec- 
trospray). Zero air was used as the nebulizer gas. LC Pump; ABI 140B dual syringe pump operating at 5 (iL/minute. Sol- 
yfiDtS; 50/50 acetonitrile/H20 2mM NH40Ac + 0.1% formic acid. Injection Volume: 5 pL, all spectra taken by flow 
40 injection analysis. This method provided unequivocal confirmation for the presence of taxoi in cell culture samples, and 
also provided quantitation with excellent agreement to HPLC results. 

Example 6: 

45 Taxoi production by various species 

[0085] The taxoi produced by cell cultures of various Taxus species is summarized in Table 5. Callus was cultivated 
for 20 days in the dark on the indicated solidified medium for each species. The cells and medium were dried and meth- 
anol-extracted together, and assayed by either ELISA or HPLC as indicated. The results obtained with Taxus chlnansis 
so cultures are elaborated further in Examples 7 and 8. 

Example 7 ; 

7.1 Production in growth medium 

55 

[0086] The production of taxoi and related taxanes commenced within the first 2 days of transfer into growth 
Medium A. The maximum taxoi observed was on day 15, at 8.81 pg/flask, which corresponds to 0.44 mg/liter taxoi. Of 
this, 46.1% was present in the extracellular medium. On day 15, the total taxane concentration was 72.87pg/flask, or 


Compound 

Relative Retention Time 

10-deacetylbaccatin III 

0.38 

baccatin III 

0.56 

7-xylosyl-tO-deacetyltaxol C 

0.80 

10-deacetyltaxol C 

0.87 

cephalomannine 

0.94 

1 0-deacetyl-7-epitaxol C 

0.98 

taxoi C 

1.00 

7-epitaxol 

1.12 
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3.6 mg/liter, of which 56.6% was present in the extracellular medium. The viability of celts was always greater than 90% 
as measured by fluorescence staining (Example 4), suggesting that the presence of extracellular taxol and taxanes was 
due to secretion rather than due to cell lysis. The ability of cells to secret taxol and taxanes will be an important aspect 
of continuous operation. 

5 

7.2 Medium exchange for productivity enhancement 

[0087] Significant improvements in taxol and total taxane productivity were obtained by aseptically suctioning off 
growth Medium A on day 9, replacing with fresh medium and repeating the procedure on day 12. The experiment was 
io terminated on day 15, and the results are shown in Figure 2. The important increases in productivity due to medium 

exchange are summarized in Table 6. The total amounts of taxol and taxanes produced were ca. 4.6-fold higher with 
medium exchange compared to controls without treatment. Importantly, ca. 4.9-fold higher taxol, and ca. 5.9-fold higher 
total taxanes were recovered in the extracellular medium compared to controls without medium exchange treatment. 
[0088] The ability to markedly enhance taxol and total taxane productivities, and moreover, to cause extracellular 
is product accumulation is important for operation of an efficient, continuous process with biomass reuse and simplified 
downstream purification. 

7.3. Effect of Light on taxane production in growth medium 

zo [0089] Light is known to play an important role not only in photosynthesis, but also in various aspects of secondary 

metabolism in plant cell cultures (Seibert and Kadkade 1980). Whereas the experiments described In Examples 4, 7.1 , 
and 7.2 were conducted in darkness, the response of Taxus chinensis cultures to light is described here. 

[0090] One gram fresh weight of 7-day old cells of Taxus chinensis line K-1 were inoculated in 25 ml of growth 
Medium A (see Table 2) in 1 25 ml Erlenmeyer flasks and incubated at 24 ± 1 °C on a gyratory shaker at 1 20 rpm. Dupli- 
25 cate flasks were placed in the dark and under a Standard GroLux lamp at a distance of 3 feet. Spectral characteristics 
of the lamp are shown in Figure 3. Results are shown in Table 7. 

[0091] Exposure of cultures to light did not affect total taxane levels or the extent of extracellular accumulation. 
However, taxane profiles were significantly altered in the two treatments. For example, cells cultivated in the light pro- 
duced 2.8 fold higher taxol than did cells in the dark. The proportion of extracellular tool was also significantly higher 
30 than in the dark treatment (76% vs 56%). The use of light treatment, especially of specific spectral quality, would thus 
be extremely useful in a cell culture process for taxol production. 

Example 8: 

35 ENcitors 

[0092] The term elicitors is used for compounds of biological (or biotic) and non-biological (or abiotic) origin that 
cause an increase in secondary metabolism when added to plant cell cultures. 

[0093] While a number of elicitors have been found useful, a representative illustrative example is described here 
40 in detail, namely, the use of chitosan glutamate. While chitosan has been previously tried as an elicitor in some plant 
cell culture systems, the accompanying toxic reactions such as browning and loss of viability have made its use imprac- 
tical (Beaumont and Knorr 1987). Indeed such toxic side reactions are a common drawback of many elicitors reported 
in the literature. The use of chemically modified chitosans such as chitosan glutamate to specifically induce taxol and 
taxane biosynthesis while circumventing toxic side-effects is a novel approach. 

45 [0094] Suspensions of Taxus chinensis line K-1 grown in Medium D for 7 to 8 days were suction filtered aseptically 
using a sterile Buchner funnel fitted with a miracloth (Calbiochem) filter. 2 g fresh weight cells were aseptically trans- 
ferred to 25 ml of medium C (see Table 2) in a 125-mL Erlenmeyer flask. A solution of 0.05% chitosan glutamate was 
prepared freshly and filter-sterilized through a 0.22 micron cartridge filter. 825 \iL of this solution was added to the flask 
at the start of the experiment, corresponding to a level of 1 65 mg elicitor per gram dry weight cells. The flasks were incu- 
50 bated at 24±1* C on a gyratory shaker at 110 rpm in the dark. The flasks were destructively sampled on day 15, and 
observations on growth, color of the ceils and medium and cell viability were recorded. Freeze-dried samples were 
methanol-extracted for taxol and taxanes as described in Example 5, and were analyzed by HPLC. The results of this 
experiment are shown in Table 6. 

[0095] Elicitor treatment resulted in a modest improvement in the per-cell total taxane production (0.53% vs. 0.42% 
55 dry weight taxanes) over non-treated controls. The non-toxic nature of the elicitor is evident from the high viabilities (75- 
80%) observed in both treatments. In fact, an increased dry weight In elicitor treatment compared to controls has been 
reproduclbly observed (14.2 g/1 vs. 10.1 g/l dry weight). The higher cell densities resulted in an 1.8-fold greater titer of 
total taxanes in the elicitor treatment, i.e., 75.8 mg/L versus 42.4 mg/L for the control. 
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[0096] The elicitor treatment resulted in increased taxol biosynthesis, both on a per-cell basis (0.098% vs. 0.054% 
dry weight taxol, a 1.8-fold increase) and in a titer comparison (13.9 mg/l versus 5.4 mg/L, a 2.6-fold increase). The 
extent of secretion was higher for the elicitor treatment compared to the control (85% versus 72% extracellular product). 
[0097] The elicitor treatment described herein results in increased taxol production, a more favorable product pro- 

5 file, enhanced product secretion and retention of high cell viability. These production characteristics represent a signif- 
icant improvement for a cell culture process for taxol production. 

Example 9; 

io Production medium development 

[0098] In an effort to increase taxol productivities over the levels described in example 6, nutrient levels were 
manipulated to formulate special 'production media’. 7 to 8 day old suspensions of Taxus chinensis line K-1 grown in 
Medium D were suction filtered aseptically using a sterile Buchner funnel fitted with a miracloth (Calbiochem) filter. 500 

is mg fresh weight cells were aseptically transferred to 5 ml of production Media B and C (see Table 2), The vessels were 
incubated for varying time periods of 1 8, 25, and 42 days at 24±1 ° C on a gyratory shaker at 1 1 0 rpm in the dark. Treat- 
ments were destructively sampled, and observations on growth, color of the cells and medium, and cell viability were 
recorded. Freeze-dried samples were methanol-extracted for taxol and taxanes as described in Example 5, and were 
analyzed by HPLC. 

20 

9.1. Results of 18-day Cultivation 

[0099] Taxus chinensis cell cultures responded to the altered medium compositions by producing significant levels 
of taxanes and taxol. These data are summarized in Table 9, and a sample chromatogram is shown in Figure 4. In 

25 medium B, 99.8 mg/liter of total taxanes were produced, with 24.1 mg/liter of pure taxol. In Medium C, 1 10 mg/liter of 
total taxanes were produced, with 21.3 mg/liter of taxol. On a dry weight basis, cells produced 0.18% dry weight taxol 
on medium B, and 0.065 % dry weight taxol on medium C. 

9.2. Prolonged Cultivation 

30 

[0100] Taxol and taxane production after prolonged cultivation of Taxus chinensis cells (line K-1 ) for 25 and 42 days 

was studied in medium C, the results for which are summarized in Figure 5. The following significant observations can 
be summarized: 

35 (i) Taxus suspension cultures are capable of producing significant levels of taxol and other taxanes. Highest accu- 

mulation occurred at 42 days, with 0.32% dry weight taxol, and 0.62% dry weight total taxanes; corresponding to 
titers of 153 mg/L taxoi and 295 mg/L total taxanes based on final medium volume. The analysis of this sample by 
tandem mass spectrometry confirmed the presence of taxol as shown in Figure 6. Quantitation by MS/MS showed 
excellent agreement with HPLC. 

40 (ii) The rate of taxol biosynthesis between days 25 and 42 was at ca. 7.6 mg taxol per liter per day assuming linear 
production in the 1 7-day period. This rate is significantly higher than the rate of production in the first 25 days. The 
rate of total taxane biosynthesis between days 25 and 42 was 1 2.3 mg per liter per day. 

('ii) Production medium formulations can induce up to 45-fold increases in specific taxol content compared to rapid 
growth conditions such as those described in Example 7. 

45 (lv) The product spectrum can be manipulated so as to funnel biosynthesis towards the desired end-product taxoi, 
while minimizing production of undesirable taxanes. For example, on day 25, taxol constituted 28% of the total tax- 
anes and on day 42, taxol constituted 52% of the total taxanes in contrast to growth medium (see Example 7.1 ), in 
which taxol constituted only 12.2% of the total taxanes. This ability to manipulate product profiles will have impor- 
tant repercussions for downstream purification and for product purity-related regulatory Issues. For example, the 

50 ability to suppress production of the taxane by-product, cephalomannine could greatly simplify downstream purifi- 
cation compared to purification of taxol from bark tissue. 

(v) Taxus cell cultures have been induced to secrete significant amounts of taxol (87% on day 42) and other tax- 
anes. That the presence of extracellular taxol and taxanes is due to secretion rather than due to cell lysis is corrob- 
orated by several independent observations: (a) continued biosynthesis occurred between days 25 and 42, 

55 suggesting that cells were viable and active. Independent observations have shown that >70% viability have been 
observed after 18 days in production medium, (b) different percentages of different taxanes were secreted. If cells 
had lysed, the percentage in the medium might have been expected to be similar for the different taxanes. 

(vi) The ability of this Taxus cell line to thrive and produce taxol at high rates in an extracellular environment so rich 
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in product is particularly worth noting. 

(vii) The Taxus cell line with which these results were obtained is also capable of rapid growth to high cell densities, 
and expressed the reported productivities after 20 generations under rapid-growth conditions, attesting to its sta- 
bility and commercial potential. 

5 

[0101] The levels of taxol and taxanes produced by cell lines of Taxus chinensis under the conditions described 
herein are higher than previously reported results by a factor of 35- to 150-fold. For example, Christen et al. (1991) 
reported the production of 1 to 3 mg/liter of taxol by suspension cultures of Taxus brevifolia after 2 to 4 weeks of culti- 
vation. Wickeramesinhe and Arteca (1991) reported the production of taxol at 0.009% dry weight in cell cultures of 
w Taxus media. 

[0102] In summary, our data show that with careful initiation and selection of Taxus chinensis cultures, and with 
specially formulated growth medium conditions, cells can be induced to grow rapidly to high cell densities. When these 
cells are transferred to production medium conditions, cells are able to biosynthesize and secrete significant levels of 
taxol and other taxanes for prolonged periods while maintaining high viabilities. The incorporation of periodic medium 
is exchange, light and ellcltors with production medium results in further synergistic productivity enhancements. These 

properties are critical prerequisites for an efficient commercial process for taxol and taxane production using tissue cul- 
ture technology. 
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Table l.a. List ofEliritors Used in Elicitation of Taxua spp. Cell Cultures 
I. Biotic Elicitora (microorganisms) 

• Bfitmiacinerea 

• Phvtophthora megasnerma 
Pinellas atrinticum 

Oligogporua bp. y 
Pvthium mamiifliatum 
Pvthium avlvaflcum 
Vgticilliua sahiiafl 

Verticil Hum an. 

Penldllium miniolutaum 
Phvtophthora lateralis 
CvtoBPora cincta 

Cvtoroora lmcatigm* 

Altemada brmicirala 

Alternaria aolani 

Alfrnarii fluumarina 
Bgtnrtla mummm 
G flfihliabaiua brtwwtnmhm 

Colletotrichum trifollt 
Colletotrichum orbiculuaao/e. 

Colletotrichum graminicola 
Colletotrichum gjoeosnorioldea 
CsAinritodadiam floridinum 

Fuaarlum erookwallanaa 

Eaaanum hflttrcipgrmm 

Fusarium owsporum f. sp. congiutinans 
Fuearium ntriponim f. sp. lycopersid 
Fuearium oavaporum f. so. nisi 

QibbartilftMM 

Geeumennomvcee aramlnls w. tritia 
Geotrichum au. 

Leutoanhaeria l aw a ^ Korroog. 

Nectria haematococca MPVI 
Mvcosuhaeralla oinodee 
Onhioitiwna tilml 
Phoma linaam 
Phoma ninodella 
Phvtophthora infaetana 
Pvthium aristosporum 
Pvthium graminicola 
Pvthium ultimum 
Rhizoctonia aolani 
Sclerotinia so. 
a.BfldflQimD -46 
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Tmmgtoa versicolor 
Uatilago ray die 

VtruuriB IriMUilia 


II. Biotic Ellritora (Microbial fractions or products) 


Table l.a. (continued) 


• Chitoean • Cellulyein 

• Liehenan * Multifact XL 

• Glucomannan * Multifact CL 

• Pleuran • Reein a ae 

• Gluean * Pulpxyma 

• Carbaxymethylglucan • SP431 

• Hydraxymetbylgiucen • Pectinol 

• Sulfoethylgiucan • Rapides# 

• Mann an • Klerxyme 

• Xylan * Chitinasa 

• Mannobioae 

• Mannotrioae 

• Mannopentaoaa 

• Mannotatraoae — 


III. Abiotic Ellritora (Chemical Stress Agents as well as soma naturally 
occurring biochemicals) 



Arachidonlc acid 

• Vanadyl sulfate 

• 

Fenpropemorph 


Elaidie add 

• Uniconazol 

• 

Proehloraz 


Cydic AMP 

• Padobutraxol 

• 

Naptifine 


Dibutyf/lCydic AMP 

• Spermine 

• 

EDU 


Methyl Jasmot^cde 

• Spermidine 

• 

HTA 


Cis - Jssmone 

• Putreacine 

• 

MPTA 


Miconazol 

• Cedavarine 

• 

Glutathione 


Ferulic add 

• Protamine Sulfate 

• 

EGTA 


AMO-1618 

• SKF-7997 

• 

Gibberellins 


Triton X-100 

• MER29 


Absdsic Add 


Benzoic add 

* Ancymidol 

• 

1,3-Diphynyl urea 


Salicylic add 

• Triadimefon 

• 

Diazolidqnyl urea 


Propyl gallate 

• Phoaphon D 

• 

Phlorogludnol 


Sesamol 

• Thiourea 

• 

Sodium alginate 


Chlorochollne chloride 

• Dextran Sulfate 

• 

Carragenan 


3,4-dichlaropbenooKy triethyl 
(amine) 

• Hydroquinone 

• Chitoean glutamate 


• Chloroethylphoephonic add 

• Diethyldithiocarbamic add 

• Nordihydroguaijretic add 

• Dithiothreitol 

• Sodium metabiaulfita 

• Potassium metabiaulfita 

• d-amino-DL- Phenylalanine 



EP 0 672 162 B1 


List of Precursors, Inhibitors & Stimulants or Activators Used in Regulation of Biosynthesis of Taxol & 

Taxanes in X $pp. cell cultures. 

Precursors 

Inhibitors 

Stimulants or Activators 

Phenylalanine 

Chlorocholine chloride 

Cyclic AMP 

Lysine 

Uniconazol 

Dibutyr Cyclic AMP 

Tyrosine 

Paclobutrazol 

Methyl Jasmonate 

Tryptophan 

SKF-7997 

Cis-Jasmone 

Methionine 

MER 29 

Chloroethylphosphonic acid 

Tyramine 

Ancymidol 

Spermine 

Sodium acetate 

Triadimefon 

Spermidine 

Potassium acetate 

Phosphon D 

Putrescine 

Ammonium acetate 

Fenpropemorph 

Cadavarine 

Mevalonic acid 

Prochloraz 

MPTA 

Farnesyl acetate 

Naptifine 

DCPTA 

Geranyl acetate 

Miconazol 

DIPTA 

Geranylgeraniol acetate 

Silver Nitrate 

ACC 

Tryptamine 

Norbornadiene 

HTA 

Menthol 

AMO 1618 

Brassinosteroids 

a-Pinene 

Alar 

BHA 

Trans-cinnamic acid 

4-amino-5-Hexynoic acid 

BHT 

Cambrene A 

Phenylethanolamine 

OTA 

Verticil lene 

Phenethylamine 


Verticilbl 

Glyphosphate 


Camphor 

Dihydrocycloeucalenol 


Quercetin 

Methionine Sulfoxide 


Levulinic acid 

p-hydroxy phenethylamine 


Abietic acid 

5-Methyl-DL-Tryptophan 


Borneol 

a-Fluorophenylalanine 



5-2 AminoethyFL-cysteine hydrochloride 
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Table 3 


Preferred conditions for callus proliferation for various Taxus species. The Ingredients in 

the basal media are listed in Table 2. 

Species 

Basal Medium (Table 2) 

Growth Regulators* 



Auxin 

Cytokinin 



Type 

Cone (M) 

Type 

Cone (M) 

T. brevitolia 

F 

P 

5x10"® 

2IP 

10- 7 


D 

P 

5x 10"® 

BA 

10-® 

T. canadensis 

H 

P 

5 x 10 - ® 

K 

10* 7 


D 

P 

5X10 -6 

BA 

10-® 

T. chinensis 

D 

P 

5x10-® 

BA 

10 - ® 


A 

N 

SxlO' 6 

BA 

10*° 

T. gfobosa 

D 

P 

5x 1(T® 

BA 

10-® 

T. floridana 

D 

P 

5x10-® 

BA 

10-® 

T. baccata 

D 

P 

5x 10"® 

BA 

10" 8 

T cuspidata 

D 

P 

5 X 10"® 

BA 

10^ 

T media 

D 

P 

5x 10"® 

BA 

10-® 

T. waliichiana 

D 

P 

SxlO -6 

BA 

10-® 


“Abbreviations: Pidoram (P), Naphthalene acetic add (N), Benzyladenlne (BA), Dimethyl 
allyiamlno purine (2IP), Kinetin (K) 


35 Table 4 


Typical growth characteristics of Taxus sp. suspension cultures | 

Species 

Dry Weight Doubling 
Time 

Fresh Weight Doubling 
Time 

Dry Wt Density 

Fresh Wt Density 

T. brevitolia 

2.0 days 

3.5 days 

20 g/L 

400 g/L 

T. baccata 

2.0 

6.0 

15 

220 

T. chinensis 

2.5 

4.5 

20 

285 

T. canadensis 

nd* 

8.5 

13 

260 


‘not yet determined 
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Table 5 


Taxol production in various Taxus species. 

Species 

Taxol content (% dry 
weight) 

Medium (See Tables 
2&3) 

Analysis 

T. brevitolia 

0.006 

F 

EUSA 
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Species 


T canadensis 
T.baccata 
T. globosa 
T. cuspidata 
T. floridana 
T. media 
T. chinensis 


Table 5 (continued) 


Taxol production in various Taxus species. 


Taxol content (% dry Medium (See Tables I Analysis 


weight) 

0.004 

0.0014 

0.0003 

0.0025 


ELISA 

HPLC 

ELISA 

HPLC 

ELISA 

ELISA 

HPLC 


Table 6 

Improvements in productivity due to medium exchange treatment. Numbers are 
expressed as X-fold improvement over levels achieved in a 1 5-day batch interval. Taxus 
chinensis ceil line K-t was cultivated in Medium A In the dark. 


Total levels* 


Taxol a 

Total taxanes A 

*Total levels in cells and medium combined 


Extracellular levels 


Table 7 


Effect of Standard GroLux light treatment on taxol and taxane content in 10-day old cultures of Taxus 
chinensis line K-i cultivated in Medium A. Amounts shown are expressed as pg extracted from 20 ml of sus- 
' pension. Cell growth was Id entical in both treatments (1 64 mg dry weight per flask). 

I Light I Dark 


Total taxol: cells and medium: 
Extracellular taxol: 

Total taxanes cells and medium: 
Extracellular taxanes: 


8.8 pg 
76.40% 
61.55 pg 


3.13 pg 
56.20% 
62.17 pg 
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Table 8. Comparison of chitoaan-glutAmAta treated to non«elidted 

suspension! of Toxum chin*n*i* line K*1 after 16 day cultivation 
In me d iu m C. Taxane levels reported are from cells and medium 

combined. % extra refers to the percentage of extracellular 
product. 



S CONTROL 

EUCITOft 


CdldeMity 
Call viabHiiv 

101 g/L 
7D406 viable 

Cell demity 14J|/L 
Cell viabiHtv 7540ft vteble 

Timn 

% dry mi 

mmfL 

* Extra 

% dry wt 

mafL 

% Extra 

Taxol 

tt 054 

5 A 

72 X) 

0098 

13.9 

8SX) 

Baccalia III 

0057 

10 

09.9 

0055 

1A 

706 

7-XyhM jrt- lO^CMCtylUan 

IMMO 

4X1 

03X1 

0040 

0.9 

77 X) 

IMncetybnl 

(UXM 

04 

71.1 

00 

IX) 

75J 

CcpfcakMMMMC 







UMcMetyflacalia III 







i04ttcetyl-7-epitt)N>l 

0X54 

5.4 

142 

OjOM 

too 

85.7 

7-Epitaxo] 

0009 

09 

74j6 

oxm 

1J 

86 2 

Uakaown Taxaaca 

0203 

205 

79.7 

0140 

34.1 

902 

Total Tium: 

0421 

414 


0033 

718 
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Table 9 

Nutrient medium manipulation for enhanced taxane and taxol biosynthesis in Taxus chirtensis suspension line K-1 . 
500 mg fresh weight cells were Inoculated per 5 mL of medium and incubated in the dark for 18 days. The total tax- 
anes produced (in the cells and medium combined) is reported. The ingredients in media B & C are listed in Table 2. 

Taxane Level 

Medium B (mg/L) 

Medium C (mg/L) 

Baccatin ill 

4.3 

3.9 

7-xylosyl 10-deacetyl taxol 

8.3 

12.9 

Cephalomannine 

1.1 

trace 

10-deacetyl 7-epi taxol 

4.6 

5.4 

taxol 

24.1 

21.3 

7-epi taxol 

1.3 

2.8 

other unidentified taxanes* 

56.1 

63.7 

Total taxanes 

99.8 mg/I 

110 mg/i 


SO 

Claims 

1. A process for recovering taxol and other taxanes in high yields from cell cultures of a Taxus species comprising: 
cultivating in suspension culture, in one or more nutrient media under growth and product formation conditions, 
55 cells of a Taxus species derived from callus and/or suspension cultures and recovering said taxol and other tax- 
anes from said cells and/or said medium of said cell culture, said conditions comprising one or more of: continuous 
or intermittent illumination with broadband or narrowband light; or nutrient media which are of altered medium com- 
position for growth and production phases of the culture. 
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A process as claimed in claim 1 , wherein the Taxus species is T canadenis, T. chinensis, T cuspidata, T. baccata, 
T. globosa, T. floridana, T. [wallichiana or T media. 

i 

A process as claimed in claim 1 or claim 2 wherein said nutrient media includes picloram. 

A process as claimed in any one of claims 1 to 3, wherein chitosan glutamate is present in the production phase of 
the culture as an elicitor. 

5. A process as claimed in any one of claims 1 to 4, wherein said nutrient media includes a stimulant. 

io 

6. A process as claimed in any one of claims t to 5, wherein phenylalanine is present in the production phase of the 
culture as a precursor. 

7. A process as claimed in any one of claims 1 to 6, further comprising periodic nutrient medium exchange. 

is 

8. A process as claimed in any one of claims 1 to 7 further comprising periodic taxol and other taxane removal. 

9. A process as claimed in any of claims t to 8, wherein growth and product formation are achieved using one-stage 
or two-stage batch process, or a fed-batch process, or a semi-continuous process, or variations thereof. 

20 

Patentanspruche 

t. Verfahren zur Gewinnung von Taxol und anderen Taxanen mit hohen Ausbeuten aus Zellkuituren einer Taxus- Art, 
das ein Kultivieren von Zellen einer Taxus- Art, die von Kallus- und/oder Suspensionskulturen abgeleitet 1st, In einer 

25 Suspensionskultur in einem Oder mehreren Nahrstoffmedien unter Wachstums- und Produktbildungsbedingungen 
und ein Gewinnen des Taxols und anderer Taxane aus den Zellen und/oder dem Medium der Zellkultur umfaBt, 
wobei die Bedingungen eine Oder mehrere der Bedingungen sind, die eine kontinuierliche Oder eine unterbrochene 
Beieuchtung mit Breitband- Oder Schmalbandlicht Oder Nahrstoffmedien umfassen, die fur die Wachstums- und 
Produktionsphasen der Kultur eine ver&nderte Medienzusammensetzung besitzen. 

30 

2. Verfahren gemaB Anspruch 1 , bei dem die Taxus-Arten T. canadenis, T. chinensis, T. cuspidata, T. baccata, T. glo- 
bose, T. floridana, T. wailichiana Oder I media sind. 

3. Verfahren gemaB 1 oder 2, bei dem die Nahrstoffmedien Picloram enthalten. 

35 

4. Verfahren gemaB einem der AnsprOche 1 bis 3, bei dem in der Produktionsphase der Kultur als ein AuslOser Chi- 
tosanglutamat gegeben ist. 

5. Verfahren gemaB einem der Anspruche 1 bis 4, bei dem die Nahrstoffmedien einen Stimulanzstoff enthalten 

40 

6. Verfahren gemaB einem der Anspruche 1 bis 5, bei dem in der Produktionsphase der Kultur als ein Prekursor Phe- 
nylalanin gegeben Ist. 

7. Verfahren gemaB einem der Anspruche t bis 6, das ferner einen periodischen Wechsel des Nahrstoffmediums 

45 umfaBt. 

8. Verfahren gemaB einem der AnsprOche 1 bis 7, das ferner eine periodische Ertfernung von Taxol Oder anderen 
Taxanen umfaBt. 

so 9. Verfahren gemaB einem der AnsprOche 1 bis 8, bei dem die Wachstums- und ProduktbikJung unter Verwendung 
eines Einstufen- Oder Zweistufen-Beschickungsverfahrens Oder eines NachfOhr-Beschickungsverfahrens Oder 
elnes semi-kontinuierlichen Verfahrens Oder Modifizierungen von diesen erzielt werden. 

Revendications 

55 

1 . Proc6d6 destine a r6cup$rer le taxol et d’autres taxanes avec des rendements 6lev6s a partir de cultures cellulaires 
cfune espOce de Taxus comprenant les atapes consistant a : cultiver dans des cultures en suspension, dans un ou 
plusieurs milieux nutrttffs dans des conditions de crolssance et de formation du produit, des cellules d'une espace 
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de Taxus provenant de cal et/ou de cultures en suspension et r6cup6rer lesdlts taxol et autres taxanes k partlr des- 
dites cellules et/ou dudit milieu de ladite culture cellulaire, lesdites conditions comprenant une ou plusieurs des 
conditions suivantes : 6clairement continu ou intermittent avec une lumtere large spectre ou spectre etroit ; ou 
milieux nutritlfs qui sont des compositions de milieu modifies pour les phases de croissance et de production de 
s la culture. 

2. Proc&te tel que revendiqu6 k la revendication 1 , dans lequel I'esp&ce de Taxus est T. canadensis , T. chinensis, T 
cuspidate i, T. baccate, T. globosa, T. fioridana t, T. wailichiana ou T media. 

io 3. Procede tel que revendiqu6 k la revendication 1 ou k la revendication 2 dans lequel lesdits milieux nutritlfs oom- 
prennent du picloram. 

4. Proc6d4 tel que revendiqu6 dans I'une quelconque des revendications 1 k 3, dans lequel le glutamate de chitosane 
est present durant la phase de production de la culture en tant qu'inducteur. 

is 

5. Procede tel que revendique dans Tune quelconque des revendications 1 k 4, dans lequel lesdits milieux nutritifs 
comprennent un stimulant. 

6. Proc6d6 tel que revendique dans I'une quelconque des revendications 1 k 5, dans lequel la phenylalanine est pr6- 
20 sente durant la phase de production de la culture en tant que pr6curseur. 

7. Proc6d6 tel que revendique dans Tune quelconque des revendications 1 k 6, comprenant en outre le changement 
p6riodique du milieu nutritif. 

25 8. Precede tel que revendiqu6 dans 1‘une quelconque des revendications 1 k 7 comprenant en outre la recuperation 
periodique du taxol et autres taxanes. 

9. Proc6d6 tel que revendiqu6 dans l une quelconque des revendications 1 k 8, dans lequel la croissance et la forma- 
tion du prodult sont realises en utilisant un proc6de discontinu k une etape ou k deux etapes, ou un proc6d6 dis- 
30 continu avec apport de substrat, ou un procede semi-continu, ou des variantes de ceux-ci. 
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